Two distinct experimental designs are commonly employed for the analysis of competitive interactions in genetically heterogeneous mixtures. These are referred to as substitution and addition designs respectively, and either may be used quantitatively to separate the effects of intra-and inter-genotypic competition. The results presented in this paper relate to two characters which measure competitive success in mixed cultures of Drosophila melanogaster, namely the proportion of developing individuals which survive to emerge as adults and the mean weight of those adults. For each of these characters the estimates of intra-and inter-genotypic competitive values obtained from substitution and addition design experiments were equivalent. The implications of this result with respect to the choice of a suitable experimental design and its application to competition in various plant and animal systems are discussed.
INTRODUCTION
The importance of competition as an environmental and selective force has long been appreciated (Andrewartha and Birch, 1954; Bakker, 1961) .
However, detailed investigation of the nature of competitive interactions has been hampered by elusive definitions and the absence of a suitable form of analysis. Recent developments in the analysis of data from competition experiments include the introduction of nearest neighbour and spacing models (Kempton, 1982; Cannel et al., 1984; Benjamin, 1982) which are used primarily in agriculture and forestry related experiments and descriptive, density related regression models (Mather and Caligari, 1981; Spitters 1983a) , where the competitive success of a genotype is related to the densities of the various competitors. This latter approach has also been found suitable for the analysis of density related forms of competition in animal systems, as exemplified by the investigation of competition between larvae of Drosophila melanogaster for a constant and limiting amount of food Caligari, 1981, 1983; Eggleston, 1985) . Mather and Caligari (1981) described two different experimental designs (addition and substitution) for quantitatively separating the effects of intra-and inter-genotypic competition in mixed cultures involving two genotypes. In both cases the fate of a primary, or "indicator" genotype is followed through two types of density series. The first type (monocultures) concerns only the indicator genotype and therefore measures only intra-genotypic competition. The second type (duocultures) mixes indicator competitors with competitors of a secondary, or "associate" genotype and therefore includes both intra-and inter-genotypic competitive effects.
The substitution or replacement design (fig. Ia) has been used extensively since its introduction by de Wit in 1960, albeit without reference to a monoculture density series. This limitation was remedied in largely similar ways by both Mather and Caligari (1981) and Spitters (1983a) . In this design, starting from a standard reference density of indicator genotype competitors, individuals are either progressively removed and replaced by associate competitors (forming the duoculture series) or individuals are removed but not replaced (creating the monoculture series). With respect to the indicator genotype only, this creates two similar density series, one with and one without associate genotype competitors. In both cases the performance of the indicator genotype (the dependent variable) is regressed onto the number of indicator genotype competitors removed from the culture.
The slope obtained from the monoculture regression (bm) again measures intra-genotypic competition. The slope of the duoculture regression (bd) measures both intra-genotypic competition among the indicator genotype competitors and the inter-genotypic competitive effect that the associate complement has on the performance of the indicator genotype. If the associate has no effect, then bd would be the same as bm. The inter-genotypic competitive value is therefore estimated by the difference between the two slopes (bdbm). The intra-genotypic competitive value is quantified similarly as (b0_bm), b0 being the slope obtained if the indicator competitors had not been substituted. One of the useful features of this design is that with the inclusion of a monoculture density series for the secondary genotype the roles of "indicator" and "associate" genotypes can be reversed without having to raise any further duocultures.
In the addition design ( fig. 1(b) ), starting from a standard reference density of indicator competitors, either more indicator competitors are added, creating the monoculture series, or a comparable number of associate genotype competitors are added, creating the duoculture series. In both cases some measure of the competitive success of the indicator genotype (the dependent variable) is regressed onto culture density (the independent variable).
In the case of the monoculture series, the number of additional indicator genotype competitors forms the independent variable, whereas in the duoculture series this role is performed by the number of additional associate genotype com- Total culture density (30, 90) Figure 1 Comparisons of the substitution (a) and addition (b) designs for the analysis of competitive interactions. N and Na refer to the reference densities for the substitution and addition designs respectively, with e and e, the indicator genotype performance at these reference densities. b,,, represents the slope of the regression when the indicator genotype is raised in monoculture and bd represents a similar slope when the indicator is raised in duoculture with an associate genotype. The figures in brackets indicate the density of indicator and associate genotype competitors respectively. The intra-genotypic competitive value c, is found as (b0 -b,,) for each design. The inter-genotypic competitive value c is found as (bd -b,,,) for the substitution design and as (b0 -bd) for the addition design. Although competition per se cannot be assumed to differ between the two designs, the choice of either a substitution or addition design may still be important. For example, Spitters and van den Bergh (1982) indicated that the invasion of a crop (seeded at uniform density) by weeds (at variable density) clearly conforms more to an addition design, whereas intercropping (the mixing of different crops or cultivars such that the overall density or density equivalent remains constant), relates more to a substitution design. In this paper we show that, using the analysis developed by Mather and Caligari (1981) and the Drosophila melanogaster model system, the competitive values for intra-and inter-genotypic competition obtained in a substitution design are equivalent to those obtained with an addition design. The general implications of these results with respect to the choice of a suitable competition analysis are discussed.
EXPERIMENTAL DETAILS
The procedures used were essentially the same as those employed by Eggleston (1985) . Four wild type inbred strains (T5, T19, T25, and T27) derived from the Texas population of Drosophila melanogaster (Linney et a!., 1971) were investigated. Two further strains, derived from T19 and T25 and identical apart from the inclusion of a yellow body colour marker were also involved. These were designated y2T19 and y2T25. The introduction of the y2 allele has a negligible effect on the competitive behaviour of the Texas strains (Caligari, 1980; Mather and Caligari, 1983) The entire experiment, comprising all of the necessary substitution and addition cultures, was raised in duplicate on two separate occasions, providing essentially four replicates. All cultures within each replicate were individually randomised and all four replicates were raised at 25 05°C. Since there was no significant difference between using the means of the two occasions or all four replicates as the source of the error variation, the latter option was used.
Any analysis of competition must include one or. more characters that measure competitive success. The two characters used in this investigation, where food is the limiting resource, were the proportion of seeded eggs surviving to adulthood (p) and the mean weight of those adults (7). For 10 days following the emergence of the first adults, flies were collected daily and separated by body colour (yellow or wild type) and sex, recording wild type: yellow type:
the number and weight of each group before discarding them. After calculating p and these variables were transformed so as to approach a linear relationship with density. This was regarded as being preferable to the use of untransformed data in higher order regressions (Mather and Caligari, 1981; Spitters, 1983a; Spitters eta!, 1986 ).
Consequently, p was transformed to Pa using the angular transformation Pa = sin1
The mean weight was converted to 1/. Bakker (1961) has shown that the mean adult weight in Drosophila is linearly related to the amount of food available per larva. Density effectively measures the number of larvae per unit food and is thus, logically, inversely related to the mean adult weight.
ANALYTICAL DETAILS
In the original design of Mather and Caligari (1981) , a single reference density was proposed for both the addition and substitution designs.
However, the choice of characters used here made it impossible to use a single reference density and still retain linearity over the range of densities employed. Out of a variety of options we chose to use different reference densities for the addition and substitution designs. One of the consequences of this choice was that the monoculture slopes (bm) for the addition and substitution designs were derived from the same set of cultures ( fig. 1 ). In such a case (as, in fact, in Mather and Calgari's original design), a single estimate for bm should apply to both designs. If, however, the substitution and addition experiments are analysed independently, two estimates for bm (though very similar) are obtained. For this reason a combined analysis was used where the two designs contributed in equal parts to the estimation of bm. This yielded the following set of least squares equations;
where Qm, and Qma represent the monoculture regressions for the substitution and addition designs respectively, while Qa. and Qda similarly represent a series of duoculture regressions. Ym, ds and Yda are the observed values (means over the four replicates) for the indicator performance in monoculture and in the substitution and the addition duocultures respectively. Xms and XdS represent the deviation of the indicator genotype density from the substitution reference density (X -N) for the monocultures and the duocultures respectively. Similarly, Xma and Xda represent the deviation of the total culture density from the addition reference density (X -Na) for the monocultures and the duocultures respectively. e, ea, bm, bd, and bda are the estimated parameters defined previously ( fig. 1 ). These equations were combined as follows to obtain a single regression quantity;
Minimising Q with respect to each of the estimated parameters in turn gave the matrix of normal equations shown at the head of the following page. Utilising Mather and Calgari's terminology, S represents summation, n, is the number of substitution duoculture observations plus half the number of monoculture observations and a is the number of addition duoculture observations plus half the monoculture observations. With a single reference density, n, and a would be combined into a single value, n, representing the total number of observations in the analysis. Certain other definitions [S(Xmj, S(Xma) and S( 'ds),S( Ydafl would also be combined into a single quantity. In such a case, the generalised matrix suggested by Mather and Caligari (1981) should be used. The J matrix is inverted and the expression M =J . S used to derive estimates of each parameter.
In the few instances that no flies of a particular genotype emerged from a culture, Bartlett's (1947) empirical correction of 0+ 1/(4N) where N is the number of seeded eggs, was used to replace the missing value for P Pa was then calculated as before. For 1/ , the mean value of the remaining replicates was used to substitute for the missing replicate observation. Since these corrections will tend to reduce the error variance, one degree of freedom was lost for each correction. Throughout the whole experiment, no more that ten entries were lost, out of 480, and no plot in the regression was based on less than two replicates. The basic error variances were calculated separately for each indicator genotype from the differences between the four replicate observations. These error variances were heterogenous, and all the subsequent analyses therefore utilised the error variance appropriate to the indicator genotype under consideration. The adequacy of the linear regression model for describing competition was tested by calculating the residual variation around the In this case we have two estimated slopes, each with their error variance and a covariance (represented by the off-diagonal terms in the J' matrix). The covariance terms were therefore subtracted from the combined error variance in a manner similar to that described by Mather and Caligari (1981) .
RESULTS
The intra-and inter-genotypic competitive values obtained throughout the experiment are given in table 1, and part of this information is depicted graphically in fig. 2 . Several general observations can be inferred from these data, the most striking of which is the variability of competitive behaviour, even within such a small sample of genotypes. This concurs with the large amount of variation in competitive ability described by Eggleston (1985) . Secondly, the competitive values obtained in the addition and substitution designs are clearly very similar. Thirdly, there is only moderate correlation between the competitive values obtained for Pa and 1/fl' (r = 0.551) suggesting that the competitive determinants for survival are to a large extent different from those which determine mean weight (or rather, 1/ ii'). This also indicates that the inferred competitive ability depends on the choice of character. A similar situation arises in plant crop yield-density experiments, where either the total biomass or any component of the biomass can be used to measure competitive success, with differing results (Spitters, 1983b) .
The main purpose of these experiments was to determine whether the values for intra-and intergenotypic competition (c-values) that may be obtained using the previously untested addition design of Mather and Caligari (1981) are equivalent to those commonly obtained using the more familiar substitution design. These values are shown in table 1 for both Pa and 1/ fly. The leading diagonal gives the estimates of intra-genotypic competition obtained from each monoculture density series. These estimates are identical for both the substitution and the addition designs (due to the nature of the combined analysis) and are therefore excluded from any analysis testing the differences between the two designs. The remaining figures in the table are estimates of the intergenotypic competition and these are different for the two designs. For the purpose of analysis table 1 can be divided conveniently into two blocks of results; block A, which includes all those results where y2T19 and y2T25 are associate genotype competitors and block B, which includes those results where y2T19 and y2T25 are indicator genotype competitors. This separation of the results into two blocks makes it possible to investigate the variation between indicators and between associates, in addition to any differences between the two designs. Each block, therefore, was analysed independently and a summary of the analyses of variance is given in table 2. It should be noted that none of the interaction items in the analysis were significant and these have therefore been indicators or as associates was found to be significant, with the further observation that there is, generally, more variation between the genotypes as associates than between the same genotypes as indicators. This is in agreement with previous findings (Mather and Caligari, 1983; Eggleston, 1985) .
The c-values (table 1) represent the competitive behaviour of a range of indicator genotypes in the presence of particular associate genotypes and therefore contain information both about the sensitivity of the indicator genotypes to competition (response) and information about the relative competitive strength of the associate genotypes (aggression) . The dissemination of c-values into components of aggression and response can proceed using an orthogonal analysis as described by Mather and Caligari (1983) and Eggleston (1985) which investigates the relationships between any two genotypes. This yields a series of independent (and unrelated) estimates for aggression (a), response (r) and their interaction (i) which apply exclusively to the pair of genotypes in question.
Alternatively, more general estimates of the average aggression (taken over all indicators) and the average response (taken over all associates) can be obtained (Breese and Hill, 1973) . These values represent the relative competitive behaviour The data in table 3 show that, as observed previously (Eggleston, 1985) , there is a significant amount of variation in both aggression and response, with generally more variation in aggression [x5=49548 and X(5)-270°7 for the characters Pa and l/ii3 respectively] than in Table 3 Estimates of the mean aggression and mean response of the six genotypes involved in the experiment for (a) character p and (b) character 1/sE All values relating to the character list' have been multiplied by 102 for ease of presentation. Levels of significance for the deviation of each estimate from zero are given as in (Eggleston, 1985) .
DISCUSSION
The ascendancy of regression models to describe competitive interactions is primarily due to their popularity with many agricultural experimentalists (Breese and Hill, 1973; Mather and Caligari, 1981; Mather, Hill and Caligari, 1982 Baan-Hofman and Ennik, 1982; Vernon and Parker, 1983; Spitters and van den Bergh, 1982) , or with the use of competitive mixing of different crops or cultivars to stabilise or improve the total yield (Chowdury and Hodgson, 1982; Spitters, 1983b; Salter et a!., 1985; Mead and Riley, 1981) . These experiments generally differ both in design and analysis with the weed-crop interactions conforming more to an addition type design and the mixed cropping experiments usually being more suited to a substitution design analysis. In this paper we show that, with minor modifications, the experimental procedure of Mather and Caligari (1981) yields equivalent values for intra-and intergenotypic competition in both substitution and addition designs, thereby providing a means to apply the results and conclusions from one design to the other. One of the implications of this result is that in a situation where all four competitive interactions present in a duoculture series (i.e. the intra-genotypic effects of genotypes X and Y on their own performance and the inter-genotypic effect of X on Y and of Y on X) are to be determined, the substitution design may be a more to the substitution design where the values for intra-and inter-genotypic competition depend on the choice of the reference density. Spitters and van den Bergh (1982) tried to solve this problem by re-defining density to form a more flexible function involving components for resource access and use, thereby uncoupling the dependence of the estimation of competitive success from the choice of reference density, as well as allowing for dynamic changes in the competitive interactions. The present study is completed by the estimation of mean aggression and mean response values for the six genotypes. These are extremely variable for both P0 and 1/ , with aggression showing nearly twice the variability of response. Mean aggression and response values show no significant correlation and this supports an earlier suggestion that these characters might be under independent genetic control or at least separately adjustable by selection. For the character 1/ i' the suggestion is that the optimum competitive strategy of high aggression and low response has been fixed in the stronger competitors, whereas the weaker competitors display a low aggression and a high response. Confirmation of these early indications based on a limited range of genotypes, must wait until a larger sample of the available genotypes has been surveyed for this character.
